). Layer 1 also receives abunSpontaneous neuronal activity plays an important role dant monoaminergic (Levitt and Moore, 1979) , cholinerin the development of cortical circuitry, yet its spatiogic (Bear et al., 1985), and glutamatergic (Herkenham, temporal dynamics are poorly understood. Cajal-Retz-1986) projections.
Introduction ously in 50-200 layer 1 cells. Because layer 1 is densely connected with deeper layers, which may be important After completing their migration, developing cortical in its activity, we developed an acute, isolated hemineurons establish synaptic connections in layer 1, a sphere preparation in which layer 1 could be bulk-loaded region populated by Cajal-Retzius (CR) cells (Ramó n y with indicators and imaged with epifluorescence. We Cajal, 1904; Marín-Padilla and Marín-Padilla, 1982) . As find that there is indeed spontaneous activation of all cell the cortex develops, CR cells disappear (Marín-Padilla, types in developing layer 1 and that there are temporal 1972; Parnavelas and Edmunds, 1983; Derer and Derer, correlations of the activity of groups of NCR cells. This 1990). It has been recently shown that CR cells and their correlated activity appears to be mediated by a depolarequivalents in hippocampus and cerebellum produce a izing effect of GABA and could have a profound effect protein called reelin that is recognized by the antibody in the development of the cortical circuit. CR50 (D'Arcangelo et al., 1995; Hirotsune et al., 1995; Ogawa et al., 1995) . This protein is involved in migration Results of neurons to the neocortex, induction of radial glia in the cerebellum, and pathfinding of entorhinal projections to Four Cell Types Identified in Rat Developing Layer 1 the hippocampus (Ogawa et al., 1995; Del Río et al., Experiments were performed on brain slices and hemi-1997; Soriano et al., 1997) . Reelin is defective in the spheres from somatosensory cortex of postnatal day reeler mouse mutant (D'Arcangelo et al., 1995; Hirotsune 1-8 (P1-P8) rats. Tangential slices (n ϭ 29) through layer et al., 1995), which shows altered neuronal migration 1 were carefully examined with differential interference in neocortex, hippocampus, and cerebellum (Caviness contrast (DIC) microscopy, with four cell types being distinguished: large (LCR) and small (SCR) Cajal-Retzius cells, and large (LNCR) and small (SNCR) non-Cajal- immunocytochemistry. All cell types loaded similarly (n ϭ 4; Figure 1C ). Finally, SNCR cells (n ϭ 359) also had no identifiable processes but possessed a round with calcium indicators ( Figure 1A ) and all neurons recorded fired action potentials, even as early as P1 (Fig- soma between 5-8 m in diameter ( Figure 1B ). Because of their small sizes, we were unable to record from these ure 1B).
LCR cells (n ϭ 347) under DIC had a single long, cells. Both LNCR and SNCR cells were immunonegative for CR50 and calretinin. horizontal dendrite that could often be followed for over 100 m and an axon originating from the opposite side of the soma. In Lucifer yellow fills (n ϭ 10), LCR neurons Different Profiles of Neurotransmitter Receptors in Different Cell Classes showed a large ovoid soma 12-20 min diameter with a prominent tangential dendritic "tail," 1-2 additional As a first step in elucidating the functional circuitry of developing layer 1, we sought to identify the receptors primary dendrites, and an axon trunk ( Figure 1C ). Conversely, SCR cells (n ϭ 160) under DIC had a single long present on each of the four cell types described previously. Simultaneous calcium imaging of multiple cells horizontal dendrite and somata 8-12 m in diameter. After Lucifer yellow fills (n ϭ 4), SCR cells had many in the slice preparation during bath applications of various neurotransmitters allowed us to screen all four cell small processes that formed a hairy cloud around the soma. The "tail" process, when present, usually bifurtypes at once for calcium transients elicited by the drug application ( Figure 2A ). These experiments were carried cated near the soma and ended shortly thereafter, suggesting that SCR cells are of a different type than LCR out in the presence of tetrodotoxin (TTX) (2 M), which blocked all axonal conduction and consequently precells. Both types of CR cells were immunopositive for CR50 ( Figure 1D ; Ogawa et al., 1995) and some, but not vented synaptic communication among neurons. A summary of the responses is shown in Figure 2B . All all, CR cells were immunopositive for calretinin (Figure 1E) .
four classes of cells responded to glutamate application (100 M, n ϭ 5 slices) as well as to the glutamate recep-LNCR cells (n ϭ 281) were round, 10-16 m in diameter, had no identifiable processes under DIC, but tor agonists NMDA (100 M, n ϭ 5) and AMPA (50 M, n ϭ 3). CR cells were more consistently activated by showed short dendrites after Lucifer yellow recordings NMDA than NCR cells. NMDA activation required Mg 2ϩ -3). Electrical stimulation elicited a rapid influx of calcium in clusters of LCR cells near the electrodes, while surfree ACSF. The GABAA agonist muscimol (25 M, n ϭ 3) and the adrenergic agonist norepinephrine (100 M, prisingly few SCR or NCR cells responded. Stimulationinduced transients on LCR cells were reversibly blocked n ϭ 3) activated all cell types equally. As in the cortical plate (Yuste and Katz, 1991) , muscimol stimulation proby TTX (2 M), indicating that they were mediated by sodium-based action potentials (n ϭ 3 slices, 10 cells; duced a significant calcium influx, suggesting a depolarizing effect of GABA in all four cell types regardless of Figures 3C and 3D ). Bath application of the calcium channel blocker Ni 2ϩ (1 mM) also reversibly eliminated the age of the animal. Indeed, in whole-cell recordings from P3 LCR cells, muscimol produced a 5-10 mV depothe stimulation-induced transients, suggesting that they were mediated by influx of extracellular calcium (n ϭ 3 larization (3/3; Figure 2C ). The cholinergic agonist carbachol (100 M, n ϭ 3) elicited calcium transients in all slices, 13 cells; Figures 3C and 3D) . Finally, the gapjunction blocker octanol (1 mM) did not significantly cell types except LCR cells, and glycine (1 mM, n ϭ 3) produced a more consistent response in CR cells than alter the amplitude of the stimulation-induced events, indicating that gap junctions were not involved in these in NCR cells. Finally, the cholinergic agonist nicotine (50 M, n ϭ 3) had no effect on any cell class. We concluded responses (n ϭ 3 slices, 12 cells; Figure 3D ). To test if the stimulation-induced calcium accumulathat all cell types had NMDA, AMPA, GABAA, noradrenergic, and glycinergic receptors, whereas SNCR, LNCR, and tions on LCR cells were synaptically mediated, we used bath application of receptor antagonists. Figure 3D ). Application of the GABA A blocker bicuculline (50 M, n ϭ 3 slices, 21 cells) reduced the To explore whether the receptors revealed with drug applications were functional, we performed bipolar elecevents by an average of 54% ( Figure 3D ). The ␤-adrenergic antagonist propranolol (50 M, n ϭ 3 slices, 21 cells) trical stimulation on slices loaded with Fura 2-AM to induce synaptically mediated calcium influxes ( Figure  also induced a reversible decrease in the transients by an average of 53% ( Figures 3C and 3D ). Finally, whereas for several seconds (Table 1 ). The long duration of the transients enabled us adequately to follow their occurthe cholinergic antagonist atropine (10 M, n ϭ 3 slices, rence using slow frame rates ‫4ف(‬ s/frame). LCR cells 12 cells) and the ␣-adrenergic antagonist prazosin (200 were less active than other cell types and showed longer nM, n ϭ 2 slices, 8 cells) had no significant effect on duration transients. Since acute tangential slices are the stimulation-induced calcium accumulations, the glydetached from the underlying cortical layers and from cinergic antagonist strychnine (1 M, n ϭ 2 slices, 8 ascending projections, we wondered if these differences cells) caused a small but statistically significant (5%) were induced by the slice preparation. We therefore increase in response amplitude ( Figure 3D ). We condeveloped a new preparation-the isolated, perfused cluded that glutamate, GABA A , and ␤-adrenergic recephemisphere-to examine the nature of spontaneous actors mediate the stimulation-induced responses of LCR tivity in layer 1 while keeping intrahemispheric conneccells. These results show that the majority of the calcium tions intact. Whole hemispheres were isolated, their pial accumulations were produced by orthodromic synaptic membranes were removed, and they were kept at room stimulation, since they were blocked by postsynaptic temperature in oxygenated ACSF for dye loading and receptor blockers. These results are consistent with the imaging. Under these conditions, layer 1 neurons dislack of cholinergic responses on LCR cells that we found played the low resting [Ca 2ϩ ]i indicative of healthy cells previously and suggest that the adrenergic response and produced spontaneous calcium transients for sevis mediated by a ␤-adrenergic receptor. Therefore, we eral hours after the dissection. conclude that LCR cells respond synaptically to glutaIn hemisphere preparations (n ϭ 44), optical remate, GABA, norepinephrine, and glycine.
cordings were obtained simultaneously from 80-200 neurons ( Figure 4 ). With standard ACSF (3 mM KCl), Spontaneous Activity in Layer 1 Shows spontaneous calcium transients in hemispheres ocComplex Spatio-Temporal Patterns curred infrequently, particularly after P3. To increase the To characterize the patterns of spontaneous activity rate of spontaneous calcium transients, we perfused intrinsically present in developing layer 1, we carried out the hemispheres with ACSF containing 50 mM K ϩ . We long-duration optical recordings of slices loaded with reasoned that while high K ϩ ACSF could create spurious calcium indicators. In tangential slices, all cell types activation of neurons, it could also reveal synaptic connections that would otherwise have been subthreshold. exhibited spontaneous increases in [Ca 2ϩ ] i that lasted Indeed, as shown below, statistically significant tempo-( Figure 5B ). This analysis showed statistically significant pairwise correlations (p Ͻ 0.05) in experiments carried ral correlations were reliably revealed under these conditions.
out in both normal ACSF and high K ϩ ACSF ( Figure  5B ), suggesting that some of the correlated events were Under high K ϩ ACSF, transients were recorded in 34% of all cells visualized and, in active cells, occurred at an probably due to interactions between the neurons rather than to chance occurrence of simultaneous activation average rate of 0.24 Ϯ 0.09 events/cell/min. Calcium transients were still very slow, lasting for 10 to 100 s of independent neurons.
As an additional analysis, we measured the average ( Figure 4C ), and occurred more frequently in younger animals ( Figure 4D ; Spearman r ϭ Ϫ0.79, p Ͻ 0.0001).
distance between pairs of correlated neurons and compared it with the average distance of correlated pairs Averaging over all ages, only 15% of CR cells (n ϭ 151) were spontaneously active as opposed to 40% of NCR generated in mock data sets in which the activation times of all cells were conserved but the locations of cells (n ϭ 392, 2 ϭ 15.9, p Ͻ 0.001). Active CR cells also showed significantly fewer spontaneous transients the neurons were randomly permuted. This statistical analysis of distance kept the temporal activation patthan NCR cells (0.12 Ϯ 0.09 versus 0.26 Ϯ 0.11 events/ cell/min, Mann-Whitney U ϭ 3.0, p ϭ 0.056).
terns of the neurons and therefore did not assume random activation times as a null hypothesis. We found In hemisphere preparations, the spatio-temporal activity pattern did not follow waves, domains, or oscillathat the average distance between pairs of correlated neurons was smaller than the average distance between tions, which are the three major types of spontaneous activity patterns described so far in the developing CNS correlated pairs generated in mock data sets (5/9, p Ͻ 0.001; 9/9, p Ͻ 0.05). This indicates that these correla- (Meister et al., 1991; Yuste et al., 1992; Yuste, 1997; Leinekugel et al., 1997) . Rather, individual neurons tions were not spurious, because coactive neurons were closer to one another than expected for all active throughout layer 1 seemed to fire randomly, without a clear pattern that could be detected after careful visual neurons. inspection of the recordings ( Figure 4E ; also see movies at http://www.neuron.org/Supplemental/20/3/541).
Superimposed Networks of NCR Neurons Show Correlated Activation Statistically Significant Correlated Calcium Transients in Hemispheres
Although Monte Carlo simulations provided a single p value to judge the significance of the total number of To determine whether the spontaneous activity of the neurons was independent or showed interactions that correlations present in the entire data set, they did not identify which cells were involved in the significant corcould reveal underlying connectivity, we carried out a statistical analysis of the data set, focusing on the pairrelations and which were activated simultaneously at random. To address this issue, we identified cell types wise correlations (i.e., pairwise simultaneous activations) between neurons. For this purpose, we developed in recordings taken at 40ϫ magnification and then carried out individual Monte Carlo simulations for each a program in which the onset of each calcium transient in every cell was detected, given a time stamp, and class. Due to the thickness of the hemispheres, DIC microscopy could not be performed, and cells could translated into a raster plot (Figure 4 ; Experimental Procedures). Asymmetric correlation coefficients were then only be reliably divided into two categories, CR or NCR. In two of two recordings, we found that significant correcalculated between all cells and a correlation map was generated, i.e., a descriptive statistic in which the thicklations occurred only between pairs of NCR cells but not between pairs of CR cells or between NCR and CR ness of the lines connecting any two cells represents the magnitude of the correlation ( Figure 5A ). We reacells (Table 2 ). We therefore concluded that simultaneous activation of NCR neurons occurred significantly soned that given the number of cells recorded and their firing frequency, a certain number of these correlations more often than would be expected if cells were independent and that these correlations were probably due could occur randomly. To estimate the expected number of correlated events if activities were independent, we to circuit interactions among NCR neurons. To further identify significantly correlated neurons, we performed a Monte Carlo simulation which generated 1,000 samples of randomly generated data for each exexamined the data for events which were extremely unlikely to occur by chance because they involved multipliperiment, conserving the number of cells and observed activation rate of each cell. By comparing the frequency cative probabilities of occurrence. Thus, we analyzed the following two scenarios: (1) simultaneous coactivaof pairwise correlations between the actual data and the randomly generated data, we determined whether tion of more than two cells and (2) multiple coactivation of two cells ( Figure 5C , dotted lines). Again, statistical the observed pairwise correlations were statistically significant and produced a p value for the entire data set significance of the events was demonstrated with Monte cortical neurons (Yuste and Katz, 1991; derivatives) to bulk-label populations of cells (Tsien, 1981 (Tsien, , 1989 cological, and electrically evoked activity. Tangential brain slices were used to characterize the neurotransmitter receptors on all cell types, and we developed a Carlo simulations that produced 1,000 randomly genernew preparation-the acute, isolated, perfused hemiated data sets, with an identical number of cells and sphere-to image layer 1 without disconnecting it from activation rates as in the original data set.
deeper structures. Our goal was to characterize the cirIn six of eight recordings in standard K ϩ ACSF and in cuit and the spontaneous activity of this relatively sim-13 of 18 recordings in high K ϩ ACSF, groups of 5-13 cells ple, cell-sparse area of developing neocortex. The use became active simultaneously and achieved statistical of developing animals was an advantage, since bulksignificance. These small networks of correlated neuloading AM indicators is more efficient in the developing rons were superimposed in the same cortical territories brain (Yuste and Katz, 1991) . Hence, our findings may ( Figure 5D ), and in some cases particular neurons were not apply to adult layer 1. We found that spontaneous part of more than one group ( Figure 5D , cell 61). The calcium transients do occur in layer 1 from developing average distance between neurons within these coacrat cortex and present interesting spatio-temporal proptive networks was 263 m.
erties that reflect a functional synaptic circuit. Statistically significant multiple coactivation of two neurons occurred in six of eight recordings in standard ACSF and in 13 of 18 recordings in high K ϩ ACSF. For Four Cell Types Differ in Neurotransmitter each pair, coactivations were repeated between three Receptors and Calcium Dynamics and nine times ( Figure 5C , small dotted lines) The mean Studies of developing layer 1 identified Cajal-Retzius (or distance between neurons that were coactive more than horizontal or tangential) cells and a host of "short axon" once was 59 m ( Figure 5D , white squares). We were cells (Ramó n y Cajal, 1904; Marín-Padilla, 1971 ). With able to identify the type of cell that participated in this DIC imaging and Lucifer yellow fills, we have confirmed tight coupling of activity in one recording taken at 40ϫ these classifications for the rat layer 1. In addition, we magnification. In this experiment (exp. 5.3.97), two NCR found that the smaller CR cells possessed an elaborate cells located 30 m apart fired together seven times.
dendritic tree not present on large CR cells. These small Taken together, these data suggest that the coacti-CR cells may be related to the bipolar type of horizontal vations of groups of NCR neurons were not spurious. cells originally described by Cajal in developing human layer 1 (Ramó n y Cajal, 1904). Therefore, we separated Correlated Activations Depend the CR cells into large and small CR neurons (Figure 1 ).
on GABAergic Projections
This distinction is not merely anatomical, because SCR To investigate the cellular and circuit mechanisms uncells respond to cholinergic agonists, whereas LCR cells derlying the correlated activation in hemisphere prepado not (Figure 2 ). We also confirmed that CR cells are rations, we tested the effect of neurotransmitter blockcalretinin and CR50 positive (Ogawa et al., 1995) , finding ers on the activity recorded in high K ϩ ACSF (Figure that calretinin immunocytochemistry, a standard marker 5B). Significant correlations disappeared following apfor murine CR cells, does not stain a population of CR plication of TTX (2 M, n ϭ 3) but not octanol (1 mM, neurons in rat. For convenience, we also classified NCR n ϭ 3), indicating that they were mediated synaptically neurons exclusively based on their somatic sizes, aland not by gap junctions. Interestingly, TTX did not block though they may represent heterogeneous groups. the spontaneous calcium transients, indicating that
We took advantage of the fact that [Ca 2ϩ ] i increases some of the recorded events are not dependent on soin active cells to investigate which receptors were presdium action potentials (see below). Bicuculline (50 M, ent in each of the four cell classes. This "optical pharman ϭ 3), atropine (10 M, n ϭ 3), propranolol (50 M, n ϭ cology" consisted in imaging a population of identified 3), and APV/CNQX (50 M/20 M, n ϭ 3) also blocked neurons in slices and monitoring their calcium dynamics significant correlations. Finally, strychnine (1 M, n ϭ 3) in response to bath applications of neurotransmitters. had no effect on the correlations. These results implicate This approach obviously only works if the agonist inGABAergic NCR cells in the generation of correlated duces significant changes in [Ca 2ϩ ]i. The characterizaactivity and suggest that cholinergic, adrenergic, and tion of functional postsynaptic receptors is therefore glutamatergic synapses influence their activity.
quickly done simultaneously in multiple cell types. To prevent secondary responses produced by release of Discussion endogenous transmitters by the circuit, these experiments were carried out in TTX, which blocks action Imaging Neuronal Networks in Developing potentials and thus prevents interactions among neuLayer 1 with Calcium Indicators rons (see below). Based on these results, we propose This work extends our previous efforts using calcium indicators to image neuronal activity in populations of the following model of the receptors present in layer 1 ( Figure 6 ). All cells have AMPA, NMDA, GABAA, and LCR cells. This selectivity was probably not due to a lower threshold of activation of CR cells, since we ob-␤-adrenergic receptors. In addition, SCR, SNCR, and LNCR, but probably not LCR, cells have muscarinic reserved this result using very different stimulation amplitudes. CR cells, on the other hand, have larger axonal ceptors. Finally, LCR and SCR cells are more sensitive to glycine than LNCR or SNCR cells.
and dendritic processes than any other neuron in developing layer 1. It is possible that these processes make In the developing cortex, GABA acts as an excitatory neurotransmitter (Yuste and Katz, 1991) , so it is not their recruitment more effective. In our recordings, LCR neurons fire trains of action potentials, which could have surprising that it also produces [Ca 2ϩ ] i increases in developing layer 1 neurons, through a depolarizing effect made the identification of their responses easier. Nevertheless, the relative insensitivity of NCR cells to electrical ( Figure 2C ). The source of the GABA is presumably the NCR cells (Gabbott and Somogyi, 1986) . Immunocytostimulation remains a mystery to us. Electrical stimulation could activate LCR cells either antidromically, orchemical studies show glycine receptors in superficial layers of postnatal rat neocortex (Becker et al., 1996) , thodromically, or both. Axonal and dendritic conduction of action potentials were necessary for these responses, and our results indicate that glycine could be an early neurotransmitter in layer 1. Also, a dense cholinergic since they were blocked by TTX. However, the fact that a substantial amount of the responses were blocked by projection to layer 1 is present at birth (Rossner et al., 1994) , and our results suggest that CR cells either do the postsynaptic antagonists APV/CNQX, bicuculline, and propranolol suggests that they were largely due to not posses functional cholinergic receptors or have cholinergic receptors that do not stimulate calcium tranorthodromic activation of synaptic connections mediated by glutamate, GABA A , and ␤-adrenergic receptors sients. CR cells also stain for glutamate , and in our study they were highly responsive to ( Figure 6 ). Thus, we conclude that these three types of receptors, previously revealed with bath applications of NMDA activation but less so to AMPA. Finally, noradrenergic projections to layer 1 are present early in developagonists, are synaptically functional in LCR cells. ment (Levitt and Moore, 1979) , and we found that both CR and NCR cells respond to NE activation. Overall, our Nature of the Spontaneous Calcium Transients We observed spontaneous calcium transients in all four results are in excellent agreement with previous morphological studies, confirming the validity of this optical cell types. These transients declined with age, had onsets that lasted 8-12 s, and had very slow offsets lasting approach. Calcium imaging of neuronal populations could be used in other brain areas to identify quickly sometimes up to 200 s. What are the cellular mechanisms underlying these calcium transients? Transients which receptors are present in different cell types.
could reflect the calcium accumulations associated with (1) sodium action potentials, (2) calcium spikes, or (3) Electrical Stimulation of Layer 1 Activates LCR Cells Synaptically calcium release from internal stores. The fact that transients persisted in TTX suggests that they are not due to Under our experimental conditions, stimulation-induced calcium transients were induced almost exclusively in sodium action potentials. Calcium spikes could underlie Figure 5C .
the spontaneous calcium transients. In favor of this, the Which NCR cells are responsible for the correlated activity? Most rat NCR are neurogliaform cells, which calcium accumulations associated with calcium plateau potentials could be very prolonged, lasting up to several have a dense axonal arbor that extends throughout layer 1 for 200-300 m and that rarely ventures beyond the seconds (Yuste et al., 1994) . Also, the voltage-sensitive calcium channel blocker Ni 2ϩ blocks calcium electrogenborder of layer 1 (Hestrin and Armstrong, 1996) . Cells with descending axons have a dendritic spread of Ͻ200 esis as well as the spontaneous accumulations. Nevertheless, calcium decays after calcium spikes or plateau m and an axon that descends into lower cortical layers (Hestrin and Armstrong, 1996) . Therefore, we would fapotentials are much faster than those measured here (Yuste et al., 1994) . Also, recordings from layer 1 cells fail vor the idea that neurogliaform neurons mediate the correlated activity that we imaged. to demonstrate calcium electrogenesis (data not shown; Hestrin and Armstrong, 1996; Zhou and Hablitz, 1996a) .
A third possibility, and the one we favor, is that the Depolarizing GABA Mediates the Correlated spontaneous calcium transients are mediated by release Activity of NCR Neurons of calcium from internal stores. As in the cortical plate These correlated activations are reversibly blocked by (Yuste et al., 1995) , spontaneous calcium transients pro-TTX and blockers of glutamate, GABA A , ␤-adrenergic, duced by release from internal stores could have slow and cholinergic receptors but are not affected by octanol kinetics compatible with our measurements. Interestor strychnine ( Figure 5B ). This distinct pharmacological ingly, TTX and a variety of synaptic blockers, albeit not profile, which incidentally matches the neurotransmitoctanol, reversibly blocked the correlations present in ters and receptors present in NCR cells, confirms that the spontaneous activity. This indicates that calcium the correlations detected in our recordings reflect the release is somehow triggered by action potential-driven specificity of the underlying circuit and are not an artifact synaptic transmission. This is in contrast to the cortical of our analysis. Based on our results, we propose that plate, where octanol, but not TTX or synaptic blockers, the correlations among NCR neurons are mediated by blocked the correlated calcium transients (Yuste et al., a depolarizing effect of GABA, although glutamatergic, 1995). Thus, in developing layer 1, gap-junctions do not cholinergic, and monoaminergic projections facilitate seem to play a major role in the correlated activity.
this correlated activity ( Figure 6 ). Since CR cells are Calcium release from internal stores triggered by acglutamatergic, we hypothesize that their synapses onto tion potentials has been recently described in cultured NCR cells regulate this patterned correlated activity. hippocampal neurons and could serve to amplify and Far from being an oddity, the depolarizing effect of translate electrical activity into a second messenger sig-GABA is becoming increasingly important in the physiolnal (Jacobs and Meyer, 1997) . Unfortunately, efforts to ogy of developing neurons. First noticed in CA1 (Mueller trigger reliably this type of release with caffeine, ryanoet al., 1983; Ben-Ari et al., 1989) , this effect also occurs dine, or with patch-electrode stimulation have failed (Jain developing cortex (Yuste and Katz, 1991; LoTurco et cobs and Meyer, 1997; Yuste, unpublished data). This al., 1995), spinal cord (Rohrbough and Spitzer, 1996) , suggests that it involves a caffeine-or ryanodine-insenhypothalamus (Obrietan and van der Pol, 1995) , and sitive second messenger cascade that is blocked by probably other areas of the developing brain. We now the dialysis produced in whole-cell recordings. Further find this paradoxical excitatory effect of GABA in develexploration of this novel pathway is needed.
oping layer 1, where it could mediate the spontaneous activity of the circuit via an NCR-NCR projection.
Correlated Activity of Networks of NCR Cells
Regardless of the specific mechanisms underlying the spontaneous calcium transients, our main finding is that Role of the Spontaneous Correlated Activity they are temporally correlated among groups of NCR in Layer 1 in Cortical Development cells. CR cells, on the other hand, did not seem to particiSpontaneous correlated neuronal activity is also found pate in the correlated spontaneous activity, although in developing retina (Meister et al., 1991; Feller et al. , our inability to detect significant correlations involving , 1997 Wong, 1997) , spinal cord (O'Donovan and CR neurons may be due to their low rate of spontaneous Chub, 1997; Spitzer and Gu, 1997) , locus coeruleus activation. We base our conclusions on the following (Christie, 1997) , hippocampus (Hanse et al., 1997; Leinefacts: (1) statistical analysis shows significant correlakugel et al., 1997) and neocortex (Yuste et al., 1992) . In tions among NCR cells (Table 2) , (2) multiple pairwise the visual system, patterned spontaneous activity plays activation of NCR cells occurs, and (3) atropine blocks a major role in the organization of the circuitry (Katz and the correlations, while carbachol elicits a response in Shatz, 1996) . The correlated calcium transients in layer 1 NCR but not CR cells. Our results also show that there described here could influence the laminar organization are at least two different types of correlated NCR netand migration of neocortical neurons or the developworks. One type, revealed when two NCR cells become ment of intrinsic cortical connections, either between coactive multiple times, shows a small average intercell ascending apical dendrites from lower layers and back distance ‫06ف(‬ m). Conversely, when more than two projections from higher cortical areas or between small NCR cells become coactive together, their average ingroups of pyramidal cells in deeper cortical layers. In tercell distance is larger, on the order of 250 m. In this fact, all pyramidal neurons establish original synaptic last case, several of these groups can appear superimconnections in layer 1, and this relation could explain posed on the same cortical territory ( Figure 5 ). In any their dendritic morphology, their migration, and the raevent, our experimental and statistical approach is likely dial orientation of the cortical circuit with respect to to reveal only small portions of a wider spectrum of circuits.
layer 1 (Marín-Padilla and Marín-Padilla, 1982 
For Calcium Slices and hemispheres were taken from P1-P8 Sprague-Dawley Green recordings, we inverted the sign of the ⌬F/F. The onset of rats. Animals were anesthetized by hypothermia and the brain was each calcium transient for every cell was recorded on a raster plot removed and placed into cold ACSF containing (in mM): 124 NaCl, by using an algorithm that defined the onset as the frame after which 3 KCl, 26 NaHCO 3, 1.25 NaH2PO4, 2 CaCl, 2 MgSO4, and 10 dextrose the ⌬F/F change was larger than a given set threshold, typically a bubbled with 95% O 2 and 5% CO2. The pia was carefully dissected 3-5 pixel value units change per frame ( Figure 4C ). This threshold off the cortex. For slices, a vibratome was used to cut 300 m thick algorithm was very sensitive, but produced false positives in some sections. Identification of layer 1 was assured by the presence of cells. Other algorithms were not found as useful. Calcium transients CR cells, which are unique to this layer.
detected by the program were carefully inspected, and spurious events were canceled.
Electrophysiology
Raster plots were used to calculate the matrix of asymmetric Whole-cell patch-clamp recordings were performed using 3-7 M⍀ correlation coefficients between all cell pairs, i.e., the proportion of pipettes filled with intracellular solution containing (in mM): times that a cell A becomes active when the cell B is also active. K-gluconate, 0-20 KCl, 4-10 NaCl, 10 HEPES, 0-0.1 EGTA, and
We then used contingency tables and 2 tests to detect which of 0.2%-0.3% Lucifer yellow (dipotassium salt; Sigma). Images of filled the correlation coefficients was significantly higher than expected, cells were taken before (DIC) and after (DIC, epifluorescence) wholeand used the significant ones to generate a correlation map, i.e., a cell recording with a cCCD camera (Micromax, Princeton Instrudescriptive statistic in which lines link neurons whose asymmetric ments).
correlation coefficients are significant (p Ͻ 0.05) and in which the thickness of the lines connecting any two cells represents the magniImmunocytochemistry tude of the higher (of the two) correlation coefficient ( Figure 5A ). Slices were fixed in 4% paraformaldehyde and extracted with 1%
To test whether the transients showed associations between the Triton X-100 (Sigma). Blocking was achieved by a 30 min incubation neurons, we used the number of simultaneous activations in a movie in 50 mM NH 4 Cl. For CR-50 staining, this was followed by a 30 as a test statistic. To determine a p value, we computed the distribumin incubation in 2.4 mg/ml unconjugated anti-mouse IgG (Jackson tion of the statistic under the null hypothesis of independent tranImmunoresearch). Slices were stained with 1:100 purified CR-50 sients. To do this, we used Monte Carlo simulations with 1000 repliand 1:5,000 anti-calretinin (Swant). After a rinse in 1% BSA in PBS, cations. The p value was then estimated as the proportion of the incubation in secondary antibody followed: rhodamine-conjugated 1000 replications where the test statistic exceeded the test statistic donkey anti-mouse antibody for CR-50 and fluorescein-conjugated computed from the real data. To generate the independent realizadonkey anti-rabbit antibody for anti-calretinin (Jackson Immunoretions of the transients, the number of transients in each train was search). Slices were mounted with Vectashield (Vector). All procepreserved, but the times of the transients were chosen randomly dures were conducted at room tempature except the anti-calretinin and independently of each other. This approach corresponds to staining, which was done at 4ЊC.
assuming that the distributions of the transients behave as Poisson processes with (possibly) different underlying rates and then condiImaging tioning on the observed rates. Slices and whole hemispheres were loaded with either Fura 2-AM To determine which type of neuron showed statistically significant or Calcium Green 1-AM (CG; Molecular Probes) using a double association, we used an similar strategy, but carried out tests sepaincubation protocol: (1) an initial incubation with 2 l of a 1 mM dye rately for NCR-NCR, CR-CR, and NCR-CR pairs of cells. Finally, (DMSO) solution for 2 min and then (2) a second incubation in 3 ml Wilcoxon signed rank, Mann Whitney U, t tests,
2
, and Spearman of oxygenated 10 M dye for 30 min. Imaging was carried out at room correlations were used to compare temporal properties of calcium temperature (22ЊC-25ЊC) on an upright fluorescence microscope transients and the relationship between age and firing rate, de-(Olympus BX50WI) equipped with a SIT camera (Hamamatsu C2400-pending on whether the data were parametric or nonparametric. 08) connected to a frame grabber (Scion LG-3) in a Macintosh computer. Imaging was controlled by NIH Image (NIH) operating a shutter
